Introduction
An increased focus on pollution, health and safety, as well as the introduction of new legislation, has led to increased interest in environmental absorption path and a PA cell with a built-in thermopile ( Figure J ).
The source is modulated at a frequency of 20Hz. The infrared light is emitted with an approximate greybody spectral distribution. Presence of 5 ppm SF 6 . Many other gases are suitable to be monitored by this technique; and an appreciable potential sensitivity enhancement remains to be exploited. greybody spectrum at elevated temperatures. The source is electrically chopped with a modulation depth of 80% at 20 Rz to 20% at ! 00 Hz, and an emittance of 0.2 W/cm2~m. This source has been produced for an offshore sensor supplier for more than ten years, and none of the units have yet failed. Figure 2 shows a source mounted on a TO header. For offshore applications, and to prevent long-term oxidation of the source surface, the The infrared source is a key component in many optical sensor systems. Few commercial products exist, and normal light bulbs are unsuitable because the glass is opaque in the infrared. Those infrared sources that have been made are either kept secret, they are expensive, or they have poor technical speci fications. Numerous patents are published on infrared sources, but many of them lack one or more key features, such as a high modulation frequency, efficient power conversion, appropriate spectral emissivity, or long lifetime 1-8. The infrared source used in our sensor is made in silicon by etching a membrane from the rear side. Prior to this, contacts were made on the front side to provide the electrical conducting resistor with the appropriate heating power, and thin films were deposited to create an interference peak, and hence emission peak, at the desired wavelength. Silicon exhibits a
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Target gas TR window or filter gas in the absorption path reduces the light intensity at the gas speci fic absorption wavelengths. Before reaching the PA cell, the light is transmitted through a bandpass interference filter which is designed so that the transmitting band envelops the absorption pattern of the target gas. Transmitted light enters the PA cell, which is filled with a target gas identical to the gas to be detected. Most of the light corresponding to the gas specific absorption wavelengths gets absorbed in the enclosed cavity. This leads to a pressure increase inside the cell, which is measured by the pressure sensor. The gas concentration in the absorption path is related to the pressure decrease in the cell, and is thereby determined.
The pressure sensor is manufactured by making use of silicon micromachining and wafer bonding.
At the bottom of the PA cell the remaining light reaches a thermopile detector, which is mounted as the last element in the tube. This detector enables continuous calibration of the Iight intensity emitted by the infrared source. It makes the system insensitive to moisture, dirt, or other changes in the measurement path.
Many gases are suitable to be measured using this technique. The present gas-monitoring module has been tested with CO 2 , N 2 0, CH 4 , SF 6 , R404a and R 134a. We have been able to measure down to 10 ppm N 2 0, 2 ppm COl> 50 ppm CH 4 , 1 ppm R134a and .:.;n;;;,}:"""ili,:;r.~~IIF7-?'i'il1 t
Gas-monitoring module
A typical infrared (IR) system for sensing gas concentrations in air consists of a thermal greybody radiation source, an absorption path, optical elements, and an IR detector. The specific system presented here consists of a micromachined infrared source, an monitoring, Indoor and outdoor air quality, optical fire detectors for early warning, and gas leakage are just some of the applications concerned, However, the cost of optical detection systems for these domestic applications is currently too high.
Microsystems may offer inexpensive devices for large volumes, and are therefore well suited for these tasks. But few microsystem manufactured devices have reached the environmental monitoring market. However, this is expected to change in the near future when new inexpensive products become available,
[n this paper we discuss a low-cost miniature silicon photo-acoustic (PA) gas monitoring module which is likely to ensure high reliability, high selectivity and sufficient sensitivity in many applications. The development of this module is being carried out by EUREKA Project EU181 I Pampas (Practical Applications of Miniature Photo Acoustic Sensors), which is focusing upon the detection of refrigerant gases.
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Sealed absorption cell periodic pressure change is generated in the absorption chamber. This photo-acoustic pressure signal, which is shown in Figure 3 for a frequency of 8 H2, can be measured with a sensitive pressure sensor, usually a microphone.
In a conventional photo-acoustic sensor, the gas to be analysed is pumped into an absorption chamber that is sealed with mechanical valves during the measurement. The cell is irradiated with modulated IR light filtered at the wavelengths at which the gases of interest absorb strongly.
The operating principle of the specific gas monitoring module under discussion here is depicted in Figure   4 . In this configuration the gas concentration is not measured in the absorption chamber, but in the absorption path between the source and the photo-acoustic cell. The present photo-acoustic cell serves as a selective 1R detector and could therefore be called a selective photo-acoustic IR detector.
In this configuration the photoacoustic cell is pre-filled with the actual target gas and sealed. When modulated IR light is passed into the absorption cell, a photo-acoustic pressure signal is generated. If the target gas is introduced in the absorption path outside the cell, a reduction of the cell pressure signal is observed. This reduction is nearly proportional to the concentration of target gas in the absorption path.
It is important to note that a pressure reduction is observed only if the gas outside the cell is absorbing IR radiation at the same wavelength as that inside the pre-filled cell. In this way, a high selectivity can be obtained without the use of any additional opti- with heat and, when the absorption cal filtering. The gas inside the chamber is sealed, this causes the absorption cell acts as a narrow-band pressure to rise, Each gas has a unique selective filter itself. IR spectrum, and strong absorption Another important point is that in a takes place only at certain wave-conventional photo-acoustic sensor lengths. When the incident light is the test gas has to be continuously modulated at a given frequency, a pumped into and out of the absorption IR window or IR filter a gas is irradiated with infrared light, it absorbs incident radiation within its own characteristic absorption spectrum. The amount of absorbed radiation, which follows the Beer-Lambert absorption law, is a function of the gas concentration, the path length and the specific absorption coefficient of the gas. This absorbed radiation, which for a very short time is stored as intramolecular vibrational-rotational energy, is quickly released by relaxation to translational energy. Translational energy is equivalent con micromachining, and can be configured for different gases.
The photo-acoustic gas sensing technique has been described in many publications 9 -/ 2 . The principle of a photo-acoustic gas sensor is that when In princi pie, any type of infrared detector could be used in the system described in this paper. However, a detector with a high sensitivity increases the system sensitivity. Commonly used, low-cost infrared detectors are pyroeiectric, thermopile, PbS, PbSe, and alternatively photoacoustic. For our system the latter has been chosen. This because photoacoustic detectors are suitable for sih-
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atmosphere. This could save considerable packaging costs.
An alternative source for our system is a new product developed by Patinor in Russia. Patinor is currently manufacturing a thin-film structure with an electrically heated, highly doped, diamond film 6 . This source is less power-consuming than the silicon one and does not require to be packaged in a sealed neutral gas. It requires bi-directional current excitation and enables a modulated depth of 90% at a pulse frequency of 20 H2. The infrared light is emitted with an approximate greybody spectral distribution and provides 52 mW IR radiation in the range 2-20 /--lm when consuming 850 mW.
This diamond source is still under development, but its long-term stability appears promising and its IR efficiency is better than that for the silicon IR source.
source is sealed in an argon atmosphere. However, unless the application requires explosion secured devices, i.e. EX labelling, it should be preferable to use a source which does not require isolation from the ambient Gas monitoring applications -Ferber et al _ cell. In the module being discussed here, no mechanical pump or valves are required.
In our gas-monitoring module the photo-acoustic cell is built at the end of an aluminium tube, which also serves as the IR absorption path (see Figure J) . A sensitive piezo-resistive pressure sensor is mounted on one side of the cell and connected to the sealed and pre-filled cavity by a tiny hole.
The pressure sensor consists of a silicon-Pyrex stack. The Pyrex wafer acts as a protecting and sealing cover. The pressure-sensing element in implemented on the silicon wafer as a piezo-resistive bridge. An excitation voltage of 5V is applied across the bridge. The sensing element is capable of measuring differential pressures of less than 1 mPa. A small hole in the pressure membrane is provided to balance the pressure across the membrane. This hole is too small to significantly affect the ac signal.
By using such a photo-acoustic detector pre-filled with the actual target gas, high selectivity and sensitivity of the gas sensor are achieved.
Thermopile compensation detector
All IR sensors are exposed to ambient atmosphere and may therefore be subject to degradation due to moisture or dust in the optical path. IR radiation intensity fluctuations are difficult to avoid and a compensation scheme should always be implemented in IR gas sensors.
Our gas monitoring module is making use of a thermopile detector for this purpose. This detector enables continuous calibration of the light intensity emitted by the infrared source and makes the system insensitive to moisture, dirt or other changes in the measurement path.
The thermopile readout is in fact exploited for several purposes:
o In combination with the monitored power supplied of the source. These two parameters enable the microprocessor to correct for fast changes of the light radiated from the IR source.
o Long-term variations of the thermopile readout are due to degradation of the optical elements in the path, and to ageing of the source. These variations are exploited to perform drift corrections.
o Fast changes in combination with equivalent changes in the readout of the PA pressure sensor are used to perform a validation procedure and indicate or refute the presence of interfering gases.
Thermopiles detect IR radiation on the thermo-electric principle, and our detector consists of 235 thermocouples connected in series. This specific detector, made by thin-film technology, is characterised by a flat spectral response. It is a robust device mounted on a flexible substrate and does not require a protective window.
This thermopile detector has been selected mainly because it can easily be manufactured by silicon microsysterns technology.
Signal conditioning and sensor validation
The gas monitoring module has been developed to meet the requirements of a wide range of gas sensing applications. The development of such application-specific devices is greatly helped by the Pampas Sensor Module, which has been developed for the EUREKA Pampas project for refrigerant monitoring. This module monitors and handles the operation of the source; performs the acquisition of the PA pressure sensor signal, the thermopile signal and the ambient temperature; implements the lock-in amplifier functionality; and is capable of providing a simple readout of the current gas concentration.
In many applications it is necessary to avoid false alarms caused by gases other than the target gas. The Pampas Sensor Module is designed to handle this by making use of the thermopile readout. This dual measurement enables the signal processing to apply sensor validation and thereby calculate a data quality metric, otherwise known as the blur of the concentration value. The blur is also used to derive a simple qualitative indication called the measurement validity.
Conclusions
We have described a new gas monitoring module which has been tested in the laboratory. This module may be realised by making use of silicon micromachining technology. The system is suitable for high-volume production. and can be used for environmental monitoring of gases such as carbon dioxide and monoxide. Lowcost manufacturing at high production volumes offers the potential to enter domestic markets. The system can also be easily configured for different gases, further reducing development and production costs.
